Objectives: To determine the genome sequence of Acinetobacter baumannii strain MDR-TJ and characterize the mechanisms of multidrug resistance in this strain.
Introduction
Acinetobacter baumannii is an aerobic, non-fermentative, nonmotile Gram-negative bacillus. 1 A. baumannii can utilize a wide range of carbon sources and is adaptable to soil, water, sewage and hospital environments. 2 As an important opportunistic pathogen, A. baumannii is responsible for severe nosocomial infections including pneumonia, meningitis and urinary tract and bloodstream infections. 3 A. baumannii is becoming an increasing threat to patients in hospital intensive care units (ICUs) as a result of its ability to develop multidrug resistance (MDR), which makes it difficult to treat and often leads to high mortality. 4 A. baumannii has become resistant to most antibiotics, including the b-lactams, tetracyclines, aminoglycosides and fluoroquinolones. 1 The drug resistance genes of A. baumannii are often clustered into antibiotic resistance islands (AbaRs) that target the comM genes. A. baumannii AbaRs in different clonal lineages differ in length and backbone structure. The AbaRs in global clone 1 (GC1) isolates share a backbone transposon, Tn6019, interrupted by a large compound transposon, Tn6018, and AbaR3 is likely to be the original form of AbaRs in GC1 isolates. 5, 6 However, much less is known about the evolution of AbaRs in global clone 2 (GC2) isolates. AbaR2, located in A. baumannii ACICU, was the first resistance island identified in GC2 isolates although it is a AbaR3-variant island. 7 Tn6166 and Tn6167, which were characterized recently in two GC2 isolates, # The Author 2012. Published by Oxford University Press on behalf of the British Society for Antimicrobial Chemotherapy. All rights reserved. For Permissions, please e-mail: journals.permissions@oup.com J Antimicrob Chemother 2012; 67: 2825 -2832 doi:10.1093/jac/dks327 Advance Access publication 5 September 2012 A320 and A91, differ substantially from the AbaR3-type islands found in GC1 isolates. 8, 9 Here we present a comparative analysis based on whole-genome sequencing of A. baumannii MDR-TJ, 10 which is clinically resistant to penicillins, aminoglycosides, cephalosporins, fluoroquinolones, carbapenems etc. We also compared the structures of seven AbaRs identified in GC2 isolates, with the aim of determining the backbone transposon shared by GC2 strains found in Asia, Australia and Europe.
Materials and methods

Bacterial isolate and DNA extraction
A. baumannii strain MDR-TJ was isolated at the Second Hospital of Tianjin Medical University, China. This strain was cultured at 378C in LuriaBertani medium with shaking. A sample of genomic DNA was extracted using a Bacteria DNA Kit (Omega bio-tek, USA) according to the manufacturer's instructions. High-purity genomic DNA was used for library construction and sequencing as well as templates of PCR amplification for gap closure.
Antimicrobial susceptibility testing
The MICs of 19 antimicrobial agents were determined by the broth microdilution method using a 2-fold dilution series following the recommendations given in document M100-S20 of the CLSI. 11 The reference strains Escherichia coli ATCC 25922 and Pseudomonas aeruginosa ATCC 27853 served as quality control strains.
Finalization of the draft genome sequence of A. baumannii MDR-TJ
To finalize the draft genome, PCR primers were designed at the ends of each gap using the scaffolds as templates. PCR conditions were optimized for optimum amplification of each gap. PCR products were gel cut and purified and then sequenced using an ABI 3730 capillary sequencer. Gaps were filled by assembling the sequences of PCR products into scaffolds. There were a total of 43 gaps within these scaffolds, and they were closed before closing the gaps between scaffolds. Six of the gaps turned out to be ribosomal RNA operons.
Annotation and bioinformatics analysis of the A. baumannii strain MDR-TJ genome
Genome annotation was performed using IMG ER, a system for microbial genome annotation expert review and curation, 12 the RAST (Rapid Annotation using Subsystem Technology) annotation server 13 and the BASys bacterial annotation system. 14 The rRNA genes were identified using RNAmmer, 15 and tRNA genes were predicted using tRNAscan-SE. 16 The origin of replication (oriC) and nine putative DnaA boxes were identified using Ori-Finder. 17 The variances of genomic GC content were analysed by an interactive web-based software system, GC-Profile. 18 A whole genome-based, alignment-free composition vector (CV) method for phylogenetic analysis was performed using the CVTree web server, 19 and the phylogenetic tree was generated using the MEGA program, 20 based on the output results of CVTree. Frameshifts identified by the NCBI Submission Check tool 21 were manually checked. Insertion sequence (IS) elements and transposons were identified using the ISfinder database (http://www-is.biotoul.fr/). 22 A circular map of plasmid pABTJ1 was created using the CGView Server. 23 
GenBank accession number
The genome sequences of the A. baumannii MDR-TJ chromosome and plasmid pABTJ1 have been submitted to GenBank under accession numbers CP003500 and CP003501, respectively.
Results and discussion
Antibiotic susceptibilities
The MICs of 19 antimicrobial agents are listed in Table 1 . A. baumannii strain MDR-TJ was found to be resistant to penicillins, aminoglycosides, cephalosporins, fluoroquinolones, carbapenems etc. The MICs of amikacin, cefotaxime, cefoperazone, ceftriaxone and gentamicin were greater than 1024 mg/L.
Genomic properties
The A. baumannii strain MDR-TJ genome consists of a circular chromosome of 3 964912 bp and a plasmid of 77528 bp. General features of the A. baumannii MDR-TJ genome are listed in Table 2 .
Multilocus sequence typing and phylogeny analysis
Using the standard seven housekeeping genes cpn60, fusA, gltA, pyrG, recA, rplB and rpoB, 24 strain MDR-TJ was assigned to sequence type ST2 (2-2-2-2-2-2-2), which suggested that strain MDR-TJ is a member of the GC2 group. A phylogenetic tree based on a CV approach without sequence alignment was constructed using 10 finished A. baumannii genomes, and the genome of Acinetobacter sp. ADP1 was used as the outgroup. Huang et al.
According to the phylogenetic tree ( Figure 1 ), strain MDR-TJ was closest to A. baumannii TCDC-AB0715 25 and A. baumannii MDR-ZJ06. 26 
Resistance island
Genome analyses revealed that the ATPase gene comM of MDR-TJ was interrupted by a novel antibiotic resistance island that was 41.595 kb in length and was here designated RI MDR-TJ ( Figure 2a ). RI MDR-TJ consists of the backbone of Tn6167 9 (i.e. Tn6167 without the ISAba17 and Tn2006) with an added copy of Tn6022 at the end of the tetA(B) gene. The complete Tn6022 was integrated into the tetA(B) gene at the 3 ′ -end of the last 7 -12 bp of this gene and bounded by a direct repeat of 6 bp (5 ′ -ACAAGT-3 ′ ). Tn6022D1 was located at the left end (as shown in Figure 2a ). Tn6022D1 was a truncated version of Tn6022 with the deletion of a 2.85 kb fragment that removes the tniD gene and part of the tniB gene and tniE gene. 8 A segment containing orf4b, a relative of orf4 in Tn6022, was present at the right end. Four drug resistance genes, sul2 (conferring sulphonamide resistance), tetA(B) (conferring tetracycline resistance) and strA and strB (conferring streptomycin resistance), were identified in RI MDR-TJ . The sul2 gene was preceded by an ISAba1 element that might increase its expression. 27 
Other resistance mechanisms
Aminoglycosides have a wide antimicrobial spectrum. Resistance to aminoglycosides in A. baumannii is mainly mediated by aminoglycoside-modifying enzymes (AMEs). 1 All three types of AMEs-phosphorylating, adenylating and acetylating AMEs (Table 3 )-have been identified in MDR-TJ. A class 1 integron carrying a gene cassette array aacC1-orfP-orfP-orfQ-aadA1 was inserted into a Tn21-like transposon backbone (aacC1 confers resistance to gentamicin, and aadA1 confers resistance to streptomycin and spectinomycin). The 5 ′ -conserved segment (5 ′ -CS) was adjacent to a resolvase gene tnpR for Tn21. The 3 ′ -conserved segment (3 ′ -CS) contained three coding sequences (CDSs)-qacED1, sul1 and unknown orf5-and was adjacent to an IS26 element. Another class 1 integron containing gene cassette aacA4-cat-aadA1 was flanked by ISs IS26 and ISEc28 at the 5 ′ -CS and 3 ′ -CS, respectively. The 3 ′ -CS region of this integron contained qacED1 and sul1, but orf5 was absent. The ribosomal RNA methyltransferase gene arm is located downstream of this gene cassette and might also play a role in conferring resistance to aminoglycosides in MDR-TJ.
Resistance to penicillins in MDR-TJ can be attributed to multiple b-lactamase genes. ABTJ_01149 is a naturally occurring ampC gene specific for cephalosporins and an ISAba1 element is located upstream of the ampC gene, which might up-regulate its expression. 28 ABTJ_02147 is the class D b-lactamase gene bla OXA-66 . According to ISfinder, no IS is located adjacent to this OXA-69-like b-lactamase gene. The gyrA gene of MDR-TJ was 100% identical to that of A. baumannii ACICU, and thus mutation at position 83 of its amino acid sequence 7 might be the cause of its resistance to fluoroquinolones.
Outer membrane proteins (OMPs), also known as porins, play a significant role in the mechanisms of drug resistance. However, the OMPs CarO and OprD were complete and not disrupted in this strain. OMP changes seem to make little contribution to drug resistance in MDR-TJ since loss or mutation of OMPs has not been observed.
A putatively conjugative plasmid pABTJ1 carried the bla OXA-23 gene
The plasmid pABTJ1 was determined to be a 77 528 bp circular plasmid with an average GC content of 34.1%. One hundred and nine CDSs were predicted using IMG ER. The conserved replication module comprises the characteristic parAB-partitioning operon and the plasmid replicase gene repA, which may play a role in plasmid inheritance. The plasmid replicase gene repA was close to a CDS encoding a zeta toxin family protein and shared 67% identity (maximum identity) with the replicase gene of ABKp1 29 and pACICU2. 7 A complete tra locus and the type IV secretion system were identified in pABTJ1, indicating that pABTJ1 is putatively conjugative. The conjugation-associated The phylogenetic tree of 10 completely sequenced A. baumannii genomes was constructed using CVTree and the neighbour-joining tree was constructed using the MEGA5 program. The genome of Acinetobacter sp. ADP1 was used as the outgroup to root the tree. The amino acid sequences (*.faa) of the other nine A. baumannii strains and Acinetobacter sp. ADP1 were downloaded from the NCBI FTP site (ftp://ftp.ncbi.nih.gov/genomes/Bacteria/). Complete genome sequence of A. baumannii MDR-TJ proteins shared more than 50% identity with the corresponding proteins of ABKp1. Comparative analysis based on CGView showed that the gene order of pABTJ1 is similar to that of three A. baumannii plasmids, i.e. ABKp1, pACICU2 and p2ABTCDC0715, 25 which suggests that pABTJ1 is closely related to these A. baumannii plasmids (Figure 3 ). pABTJ1 harboured a transposon, Tn2009, that was initially identified on the chromosome of A. baumannii MDR-ZJ06. 26 Tn2009 is 8421 bp in length, bounded by 16 bp inverted repeats (IRs) and created a direct repeat of 9 bp. Tn2009 is flanked by two ISAba1 elements that were transcribed in the same direction. Tn2009 carries the bla OXA-23 gene, the truncated DEAD/DEAH box helicase gene, the ATPase gene, the yeeC gene and the yeeB gene. The insertion of ISAba1 might help to increase the expression of the bla OXA-23 gene. 30 To our knowledge, pABTJ1 is the first putatively conjugative plasmid reported so far to carry a carbapenem resistance gene in A. baumannii. The location of the bla OXA-23 gene on a putatively conjugative plasmid might contribute to the dissemination of carbapenem resistance of this strain through conjugation.
Comparative analysis of the structures of AbaRs in GC2 isolates
A schematic overview of the seven genomic islands that interrupted the comM genes of seven GC2 isolates is presented in Figure 4 . Strain AB210 31 harbours a resistance island identical to Tn6022D1 except that the sup gene is interrupted by transposon Tn2006, which carries the carbapenem resistance gene bla OXA-23 . Tn6166 and Tn6167 share similar structures except that Tn6167 has an additional central segment located between the internal IR of Tn6022D1 and the end of the tetA(B) gene. 9 This large central segment includes a segment, tniCb-tniAb-tniBD2, which shares 95% similarity with the corresponding portion of Tn6022D1 and is also present in AbaR22, RI MDR-TJ and RI 1656-2 . AbaR22 (Figure 2c ) was previously shown to have two copies of Tn6021, 25 which our analysis shows should in fact be Tn6022. The central segment located between the two copies of Tn6022 is identical to that in Tn6167 and RI MDR-TJ except that the ISAba1-sul2-CR2D segment is lost and the tniCb-tniAb fragment has become the tni end of the second copy of Tn6022. RI 1656-2 ( Figure 2b) consists of the backbone of Tn6167 and a 6.9 kb fragment specific to this resistance island except that it lacks the CR2D-tet(B) segment. The gene cluster ISAba1-sul2-CR2-strB-strA in RI 1656-2 has also been detected in a GC1 isolate, RUH875. 32 There is an additional 6.9 kb fragment including a transposon, Tn2345, 33 and an ISAba14 element (identified using ISfinder) in RI 1656-2 . RI TCDC is 49.5 kb in length and contains two copies of partial Tn6022D1 (Figure 4) . Tn6022D1, which is missing part of the sup gene and orf4, is located at the left end. A Tn6166 missing the fragment of tniC-tniA-tniBD is present at the right end. A large segment specific to this strain is located between the two copies of truncated Tn6022D1 and contains six IS26 elements and resistance genes that have been Tn6022 and its derivative, Tn6022D1, make up the backbones of most AbaRs in GC2 strains except for AbaR2. Tn6022D1 is a truncated form of Tn6022, and this derivative seems to be more common than Tn6022 in the AbaRs of GC2 isolates. The backbone of Tn6167 might represent an important structure in the evolution of AbaRs of GC2 isolates. The tetA(B) gene is intact only in Tn6167 and the last 6 bp of the tetA(B) gene are absent in Tn6166, RI 1656-2 , RI TCDC and AbaR22, suggesting that Tn6167 might be an ancestral form of these resistance islands. Tn6166 can be derived from Tn6167 through a Tn6022-mediated adjacent deletion. 9 RI 1656-2 can be derived from Tn6167 through homologous recombination to remove the CR2D-tet(B) fragment and acquire an additional 6.9 kb segment. 9 RI MDR-TJ can also be derived from the backbone of Tn6167 by the insertion of Tn6022 into the tetA(B) gene. The structure of AbaR22 is closely related to RI MDR-TJ . It contains two copies of Tn6022 with one copy inserted into the tetA(B) gene. However, the configuration ISAba1-sul2-CR2D and the last 6 bp of the tetA(B) gene are absent in AbaR22. This is presumably due to homologous recombination between the tniCb-tniAb-tniBD2 and the corresponding portion of the complete Tn6022, resulting in a hybrid copy of Tn6022 on the right end. RI TCDC is likely to be derived from RI MDR-TJ with a large central segment located between the two copies of Tn6022D1.
Conclusions
In this study, we determined the whole-genome sequence of a clinical multidrug-resistant A. baumannii isolate MDR-TJ that belongs to GC2. Strain MDR-TJ harbours a resistance island Figure 3 . Graphical circular map of plasmid pABTJ1. The map of plasmid pABTJ1 was generated using CGView Server. The circles show, from outside to inside: first, replication-or conjugation-related CDSs and Tn2009; second and third, open reading frames (ORFs) on the forward and reverse strands, respectively; and, fourth to sixth, BLASTX comparison with the amino acid sequences of plasmids ABKp1, pACICU2 and p2ABTCDC0715, respectively. Note that only ORFs containing more than 100 codons are shown, and the genes carried by transposon Tn2009 are marked in grey. The amino acid sequences of the three plasmids were obtained from the NCBI FTP site (ftp://ftp.ncbi.nih.gov/genomes/Bacteria/).
closely related to Tn6167 in the comM gene. The structures of AbaRs in GC2 isolates differ substantially from those in GC1 isolates. Tn6022 and its derivative forms make up the backbones of the currently available resistance islands in GC2 strains excluding AbaR2. Homologous recombination and integration might have played a key role in the evolution of AbaRs in GC2 isolates. The bla OXA-23 gene is located on a putatively conjugative plasmid, which might help the horizontal transfer of carbapenem resistance among A. baumannii isolates. Complete genome sequence of A. baumannii MDR-TJ
